Ratites and tinamous are a morphologically diverse group of flightless and weakly flighted birds. As one of the most basal clades of extant birds, they are frequently used as an outgroup for studies discussing character evolution within other avian orders. Their skeletal development is not well known in spite of their important phylogenetic position, and studies have historically been plagued with small sample sizes and limited anatomical and temporal scope. Here, I describe the ossification of the skull in the emu (Dromaius novaehollandiae), ostrich (Struthio camelus), greater rhea (Rhea americana), and elegant crested-tinamou (Eudromia elegans). Skeletal development is remarkably consistent within palaeognaths, in spite of large differences in absolute size and incubation period. Adult morphology appears to play a role in interordinal differences in the sequence and timing of ossification of certain bones. Neither the timing of cranial ossification events relative to stage nor the sequence of ossification events provides any evidence in support of a paedomorphic origin of the palaeognathous palate. This study provides an important first look at the timing and sequence of skull development in palaeognathous birds, providing data that can be compared to better-studied avian systems in order to polarize ontogenetic characters.
INTRODUCTION
Ossification occurs as a species-specific pattern of bone formation, which spans the later two-thirds of embryogenesis and continues after hatching in birds (Hogg, 1980; Starck, 1989) . Timing of bone formation is influenced by different factors depending on the taxon and element being considered, resulting in a pattern of incredible complexity (E. Maxwell, unpubl. data) . The size of the embryo, sequence of chondrification, and source of osteogenic cells appear to be of minimal importance in determining ossification sequence within an order (Maxwell, 2008a) . Altriciality and precociality also do not seem to exert large influences on ossification sequence in birds (Starck, 1993) .
Ratites are large flightless birds, now restricted to a Gondwanan distribution. They are generally assumed to be monophyletic and are positioned basally within crown-group Aves (Gibb et al., 2007; Livezey & Zusi, 2007; Slack et al., 2007) . Ratites are characterized by a suite of morphological features thought to be correlated with gigantism and loss of flight, as well as by a palaeognathous palatal morphology (Cracraft, 1974) . Whether flight has been lost once or multiple times in the clade is intensely debated (Cracraft, 2001; Briggs, 2003) . Tinamous are the sister group of the ratites (Livezey & Zusi, 2007; Slack et al., 2007) , and although they share a palaeognathous palatal morphology, they are weakly flighted and correspondingly much smaller in size.
Paedomorphosis has been suggested to be one factor underlying many of the morphological peculiarities of ratite birds (Livezey, 1995) . As many of the supposedly juvenile features involve characteristics of the skull and palate, the timing and sequence of developmental events relative to neognaths is especially relevant. Ratites also provide an excellent system in which to study the relative influence of adult morphology on ossification sequence, as they are so morphologically diverse that they have been classified in separate orders rather than separate families by some authors (Wetmore, 1960) .
The development of the skull of ratite birds is not well known: much of the existing research has focused on a restricted number of stages, and sample size has been limited. The early chondrocranial development of the emu (Dromaius novaehollandiae) was described by Lutz (1942) . The development of the skull of the ostrich (Struthio camelus) has been studied in detail (Parker, 1866; Webb, 1957) ; that of the greater rhea (Rhea americana) and D. novaehollandiae have also been examined (Kesteven, 1942; Müller, 1963) . The genesis of the entire skeleton of kiwis (Apteryx sp.) has been studied. Although the description was based on a composite of several species, it provides comparative information for the development of Apteryx, which is now critically endangered and not amenable to embryological work (Parker, 1891 (Parker, , 1892 . A partial skeleton of a late-stage embryo of the extinct elephant bird (Aepyornis sp.) has also been described (Balanoff & Rowe, 2007) . The ossification of the skull in ratites remains understudied, but is especially important in addressing questions of homology and polarity in the ontogeny of extant birds.
Here, I describe the development and ossification of the skull of D. novaehollandiae and S. camelus from a well-sampled series of embryos. I supplement these data with observations from R. americana and the elegant crested-tinamou (Eudromia elegans), which are derived from more poorly sampled series. This represents the most thorough description of cranial development in palaeognathous birds to date, and addresses questions regarding the relationship between ontogeny and phylogeny. (Latham, 1790) were purchased from Hunter Farms (Oshawa, Canada) and eggs of R. americana L. were purchased from Pfeffer Rhea Farm (St. Thomas, Canada) . Both species were artificially incubated under conditions normal to these taxa. This resulted in a sample size of N = 35 viable embryos (D. novaehollandiae) and N = 10 viable embryos (R. americana). Embryos were fixed in 10% neutral buffered formalin and staged using a normal table designed for Gallus gallus (Hamburger & Hamilton, 1951) . As the last four stages (40-44) are based on the length of the beak and the third toe of G. gallus and are therefore not applicable to other species, these stages are referred to as '40+' in this paper. Specimens were then cleared and double stained for bone and cartilage, following the procedure outlined by Dingerkus & Uhler (1977) . Late stage embryos were skinned, eviscerated, and soaked in a mixture of the histological clearing agent Citrisolve and ethanol in order to remove subcutaneous and intermuscular fat deposits prior to staining. Ossification sequences presented for D. novaehollandiae and R. americana are based on personal observation of specimens housed in the Redpath Museum (RM; McGill University, Montreal, Canada; Supporting Information Appendix S1).
MATERIAL AND METHODS

Eggs of D. novaehollandiae
Cleared and stained S. camelus L., E. elegans, a second sample of D. novaehollandiae embryos, several late-stage Chilean tinamou embryos (Nothoprocta perdicaria) and one late-stage R. americana were prepared by C. Marshall (see Marshall, 2000 for details) and are housed in the Peabody Museum (YPM; New Haven, USA; Appendix S1). Embryos were not staged prior to clearing and staining so ossification sequence is described by day of incubation for these species.
Ossification is described in the text by species, then by stage (Table 1 ) or day; Table 2 reflects the sequence of ossification of the entire embryo (including the sequence of postcranial elements). Using ranked ossification sequence data allows for a direct comparison between S. camelus and D. novaehollandiae, independent of differences in incubation period. Because little is known about population-level variation in ossification sequences, the two samples of D. novaehollandiae are reported separately (Table 2) . Such variation has previously been reported for turtles (Sheil & Greenbaum, 2005) .
The description in the text is based on the Redpath Museum specimens unless otherwise noted, and anatomical nomenclature follows Baumel & Witmer (1993) .
RESULTS
DROMAIUS NOVAEHOLLANDIAE
Stage 31
No ossification has occurred. The trabecula communis extends under the eyes, but not far rostral to them resulting in a very short prenasal process. The process is slightly flexed ventrally. Meckel's cartilage is in articulation with the quadrate cartilage, but is short as the beak is only weakly developed. The quadrate cartilage itself is triradiate. The infrapolar process is small, and is located dorsal to the quadrate cartilage. The pars canaliculi of the auditory capsule are round in shape and fully chondrified. The ceratohyal and hypohyal are fused to form a curved element directly posterior to the quadrate cartilage.
Stage 32
There is no ossification present in the skull. The prenasal process exceeds Meckel's cartilage in length, and remains triangular in lateral view. It remains slightly flexed ventrally. The parietotectal cartilage is PALAEOGNATH CRANIAL OSSIFICATION 185 growing posteriorly over the nasal capsule, and is dorsoventrally flattened. The postorbital cartilage has formed behind the orbit. The pars canaliculi of the auditory capsule are dorsally elongated, becoming more ovoid than in the previous stage. Anteroventrally, they are in close contact with the quadrate cartilage. The columella is situated posterior to the quadrate cartilage. Meckel's cartilage is considerably more elongate than in the previous stage, and has developed a retroarticular process. The basibranchial portion of the hyoid apparatus is approximately equal to the retroarticular cartilage in posterior extent.
Stage 33
The skull remains unossified. The prenasal process has straightened and forms a distinct angle with the posterior nasal septum, although outgrowth of the beak has been limited. Meckel's cartilage remains considerably shorter than the prenasal process. The infrapolar process has increased in prominence. The foramen for the ophthalmic artery is oval, with its long axis parallel to the long axis of the skull.
Stage 34
The prenasal process is slightly more elongate than in the previous stage, but the greatest amount of growth has been in the lower jaw, which is now almost equal to the prenasal process in anterior extent. The two rami of Meckel's cartilage share a broad contact. The area between the parietotectal cartilage and the prenasal process is not well chondrified. The external narial opening cuts a trough in the underlying trabecula, but does not form a discrete perforation in the nasal septum because of weak chondrification. The angular is ossifying.
Later in this stage (Fig. 1A) , the squamosal ossifies around the quadrate articulation. The palatine, pterygoid, jugal, and quadratojugal are also ossifying. In the lower jaw, the dentary and supra-angular ossify. The ossification of the jugal is variable, as it is absent in some stage 35 individuals (RM 8021, RM 8053).
Stage 35
The jugal process of the premaxilla is present. The angle between the prenasal process and the nasal capsule has decreased relative to stage 34. The base of the interorbital cartilage curves ventrally to a point just rostral to the external nares before it flattens out to form the prenasal process. The external narial opening is slit-like, with its long axis parallel to the prenasal process. The perforation in the underlying cartilage corresponding to the narial opening is complete.
Later in this stage, the parasphenoid rostrum, palatal and frontal processes of the premaxilla, the vomer, and lacrimal are ossifying. The jugal and frontal processes of the premaxilla ossify from separate centres, as do the dorsal and ventral portions of the orbital process of the lacrimal. The dorsal ossification centre of the orbital process of the lacrimal forms slightly before the ventral centre. The orbital process forms in contact with a cartilaginous lateral extension of the ectethmoid. The vomer is ossifying from paired centres. The lacrimal, parasphenoid rostrum, and frontal process of the premaxilla ossify variably, as they are occasionally unossified in early stage 36 individuals (RM 8022).
Stage 36
The beak has outgrown to the point where the angle between the cartilaginous prenasal process and the nasal septum has been eliminated. The splenial is ossifying along the medial margin of the lower jaw. The jugal and palatal processes of the maxilla are ossifying. The jugal and frontal processes of the premaxilla retain separate ossification centres. This is followed by the ossification of the nasal from a single centre lying along the roof of the nasal capsule. The prearticular ossifies along the posterior medial margin of the lower jaw. The squamosal is long and thin, forming a spur paralleling the otic process of the quadrate cartilage and also forming an arch around the external auditory meatus. The dentary is ossifying from multiple centres along the anterior portion of the lower jaw. The hyoid apparatus remains short and stout.
Late in this stage, the basisphenoid ossifies. The two ossification centres of the lacrimal remain unfused, as do the two ossification centres of the premaxilla.
Stage 37 (Fig. 2E)
The frontal is ossifying along the dorsal margin of the orbit. The body of the quadrate is ossified. The ossification centres of the lacrimal have fused, as have the premaxillary ossification centres. Later in this stage, the parietal and the parasphenoid alae ossify. The parasphenoid alae form a plate of bone ventral to the postorbital cartilage; this cartilage remains unossified.
Stage 38 (Fig. 1B) The premaxilla has completely surrounded the cartilaginous prenasal process. The frontal has expanded its ossified area ventrally into the orbit. The ceratobranchials are ossifying. The laterosphenoid is also ossifying from its ventrolateral corner. This is followed by the ossification of the exoccipitals and parasphenoid lamina. The parasphenoid lamina ossifies from right and left paired ossification centres located posterior to the parasphenoid rostrum and basisphenoid. Otoliths are calcified.
The laterosphenoid is variable in its timing of ossification, as it is cartilaginous in some stage 40+ individuals (RM 8047).
Stage 39
The lacrimal has a large foramen on the anterior surface of the descending process. The supraoccipital is ossifying from a single centre; this appears to be variable as two centres on either side of the cranial midline were observed in some individuals. The laterosphenoid is ossified along its entire ventral edge. The mesethmoid is ossifying from two centres -one on the anteroventral edge of the interorbital septum, the second located in the lamina dorsalis representing the ossification of the parietotectal cartilage. The lamina dorsalis has extensive dorsal exposure in D. novaehollandiae, first as cartilage and later as bone. It is bordered rostrally by the frontal process of the premaxilla (which does not contact the frontal), laterally by the nasals and frontals and in later stages, posteriorly by the frontals.
The supraoccipital and mesethmoid are variable in their timing of ossification, remaining unossified in some stage 40+ individuals (RM 8047).
Stage 40+ Day 36:
The basioccipital is ossifying as a single linear ossification centre on the cranial midline. The ossified area of the laterosphenoid has expanded to include the entire lateral edge. The epiotic is beginning to ossify from the medial margin of the supraoccipital. It does not yet have lateral exposure. The ossified portion of the parietal has expanded to reach the posterior wall of the orbit. There is an extra medial ossification centre of the parasphenoid lamina, located between the two principal wings of that element.
Day 38: The basioccipital is elongate and diamondshaped, broadening posteriorly. The laterosphenoid is entirely ossified. The opisthotic ossifies separately from the exoccipital, and is exposed along the lateral wall of the braincase. The ossified portion of the lamina dorsalis of the mesethmoid contacts the frontals posteriorly, but is not overlapped by any elements. The interorbital septum is ossified over the anterior third of the element. The articular is ossified, beginning from the centre of the jaw joint. There also appears to be some bony ossicles in the jaw joint that are separate from the articular, and may represent sesamoid elements termed ossicula articularia (Jollie, 1957) .
Day 43 (Fig. 1C) : The opisthotic contacts the squamosal, forming the posterior border of the external auditory meatus.
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Day 45: The prootic ossifies medial to the squamosal. It is not visible in lateral view.
RHEA AMERICANA Stage 34 (Fig. 1I)
No ossification is present at this stage. The prenasal process is slightly swollen at its tip, and is only slightly longer than Meckel's cartilage. The roof of the nasal tectum has grown posteriorly, dorsal to the orbits. The pars canaliculi of the auditory capsule is prominent, encompassing the entire lateral posterior margin of the skull. The contact between the two rami of Meckel's cartilage is relatively narrow.
Stage 35
The contact between the two rami of Meckel's cartilage becomes broader in this stage. The squamosal, palatine, vomer, pterygoid, jugal, and quadratojugal are ossifying. The lacrimal is ossifying, beginning from its orbital process. The frontal process of the premaxilla is ossifying, as is the jugal process of the maxilla. The supra-angular and angular are ossified in the lower jaw. This is followed by the ossification of the parasphenoid rostrum.
Stage 37 (Fig. 2C) The nasal is ossifying, as are the splenial, prearticular, and dentary. The jugal process of the premaxilla is ossified, but is not fused with the frontal process. The maxilla is triradiate. There are two independent, parallel ossification centres posterior to the parasphenoid rostrum; these represent the initiation of ossification of the parasphenoid lamina. The squamosal forms a process that parallels the otic process of the quadrate.
Stage 38 (late)
The parietal and frontal are ossifying, as are the quadrate and the ceratobranchials.
Stage 40+ Day 22:
The supraoccipital is ossifying from a single centre. The parasphenoid alae are ossifying, as is the basisphenoid. The lacrimal is triradiate. Although the nasal lacks a descending process, the ascending process of the maxilla in R. americana is much better developed than in D. novaehollandiae. There is a hole located in the middle of the squamosal, perhaps because of osteological restructuring caused by muscle development, as hypothesized for Meleagris gallopavo (Maxwell, 2008a) .
Day 26 (Fig. 1J): The basioccipital, exoccipital, laterosphenoid, prootic, opisthotic, epiotic, and mesethmoid are ossifying. The lamina dorsalis of the mesethmoid is ossifying from paired ossification centres, rather than from a single median centre. The prearticular has developed a second ossification centre, located along the posterior edge of the articular cartilage.
Day 28: The facial region of the skull has become extremely elongate. The articular is ossifying, and the dermal bones of the skull roof are in contact.
Day 30: The opisthotic and epiotic have developed large lateral exposures (Fig. 2D) .
STRUTHIO CAMELUS
Day 12: This embryo is poorly prepared; however, some general observations are possible. The beak is broad, and the prenasal process does not extend far rostral to the eyes. The distal tip of the prenasal process is directed ventrally. The lower jaw extends only as far as the anterior margin of the orbit. The pars canaliculi of the auditory capsule are ovoid, with the long axes orientated dorsoventrally. They are not in contact posteriorly.
Day 15 (Fig. 1F) : There is no ossification in the skull. The prenasal process is straight and narrow. The roof of the nasal capsule is chondrified. It widens posteriorly, and contacts the orbits laterally. There is an angle formed between the nasal capsule and the prenasal process. The contact between these two structures occurs near the proximal end of the prenasal The density of stippling reflects the relative degree of ossification. Scale bars = 5 mm. Abbreviations: ac, auditory capsule; ang, angular; d, dentary; f, frontal; ip, infrapolar process; j, jugal; lac, lacrimal; m, Meckel's cartilage; me, mesethmoid; met, metotic cartilage; mx, maxilla; mx (pn), nasal process of the maxilla; n, nasal; n (pm), maxillary process of the nasal; oo, opisthotic; pa, parietal; pal, palatine; pao, planum antorbitale; pmx, premaxilla; pnp, prenasal process; poc, postorbital cartilage; pt, pterygoid; q, quadrate; qj; quadratojugal; sa, supra-angular; so, supraoccipital; soc, supraorbital cartilage; sq, squamosal. ᭣ process. The cartilages of both the upper and lower jaw are elongate; the upper jaw extends further anteriorly than the lower jaw. The lower jaw is y-shaped, with the two rami contacting each other medially along a broad contact. The retroarticular process of Meckel's cartilage extends posterior to the quadrate articulation. The pars canaliculi retain their ovoid morphology, and do not contact each other posteriorly. There is a dorsally directed chondrification originating from the anteroventral margin of the pars canaliculi, ventral to the external auditory meatus. This represents the metotic cartilage. The definitive occipital arch is ventral and medial to the pars canaliculi, and is distinct from this element. The quadrate cartilage and stapes are present.
Day 16:
The beak is slightly longer than in the younger embryo. The prenasal process is slightly hooked at the tip, and is also wider. The pterygoid is ossifying. The dentary is also ossifying from the ventral surface of the mandibular symphysis. The timing of onset of ossification is variable, with some day 17 embryos lacking ossified skull elements (YPM 112440).
Day 17:
The maxilla is weakly ossified near the base of the ascending process. The squamosal is ossifying around the quadrate articulation. The quadratojugal, supra-angular, and angular are also ossifying.
Day 19:
The parasphenoid rostrum, parietal, lacrimal, nasal, premaxilla, palatine, vomer, jugal, and splenial are ossifying. The lacrimal, parietal, nasal, and vomer are variable in their timing of ossification, being absent in some day 21 embryos (YPM 112444).
Day 21:
The hyoid apparatus is more elongate, extending posterior to the external auditory meatus. There is a process of the metotic cartilage overlying the quadrate articulation. The squamosal is anterior to this. The prenasal process is not completely enveloped by the premaxilla. Its anterior tip has a spatulate morphology. The frontal is ossifying, as is the ceratobranchial. The ceratobranchials are variable in Müller, 1963 ). E, Dromaius novaehollandiae, stage 37 (day 28 of incubation, RM 8026). F, Eudromia elegans, day 14 of incubation (YPM 112524). Scale bars = 5 mm. Abbreviations: bo, basioccipital; exo, exoccipital; mx, maxilla; pal, palatine; pmx, premaxilla; psl, parasphenoid lamina; psr, parasphenoid rostrum; pt, pterygoid; q, quadrate; v, vomer. ᭣ the timing of ossification, remaining cartilaginous in some day 22 embryos (YPM 112446, YPM 112447).
Day 22:
The basisphenoid and prearticular are ossified. The premaxilla completely covers the prenasal process. The basisphenoid is variable in its timing of ossification, being absent from some day 23 to day 25 embryos (YPM 112448, YPM 112450).
Day 23 (Fig. 1G) : The quadrate is ossifying (Fig. 2A) ; this is variable as it is cartilaginous in some day 24 embryos (YPM 112449). The maxilla lacks a distinct ascending process, although it is triangular at its midpoint. The nasal lacks a descending process.
Day 26:
The basioccipital is ossifying from paired linear ossification centres along the cranial midline. The parasphenoid alae and lamina are now ossified.
Day 28:
The two ossification centres of the basioccipital have fused into a single oblong element (Fig. 2B) . The supraoccipital is ossifying, as are the laterosphenoid, exoccipital, and prootic. Both the lamina dorsalis and interorbital septum of the mesethmoid are ossified. The prearticular extends along the medial surface of the lower jaw, and posteriorly along the anterior portion of the medial process. The nasal has an ossified descending process. The ossification of the prootic and the lamina dorsalis of the mesethmoid are variable in timing of occurrence, and remain cartilaginous in some day 30-32 embryos (YPM 112454, YPM 112455, YPM 112458).
Day 30:
There is a large patch of reduced ossification in the centre of the squamosal, corresponding to changes in bone architecture. This is similar to what was seen in stage 40+ (day 22) R. americana, and stage 39 M. gallopavo (Maxwell, 2008a) .
Day 31:
The stapes is ossified. This is followed by the ossification of the opisthotic and epiotic. The epiotic ossifies from the anterolateral margin of the supraoccipital. The calvarium is very heavily ossified, with all dermal roofing elements contacting each other (Fig. 1H ).
Day 36: The nasal trabeculae are ossifying, but this event is very variable in timing and they remain cartilaginous in some day 37-38 individuals (YPM 112462, YPM 112464, YPM 112465).
Day 38:
The articular is ossifying from the dorsal surface of the medial process.
EUDROMIA ELEGANS
Day 9: There is no cranial ossification. The two rami of Meckel's cartilage have a broad contact, as in ratites.
Day 10: The prenasal process is curved ventrally, as is the area of the lower jaw where the rami of Meckel's cartilage are in contact. Dorsal outgrowth of the trabecula communis in the area of the nasal capsule initiates the formation of the parietotectal cartilage and the preoptic root of the orbital cartilage. The jugal and frontal processes of the premaxilla are ossified, as is the quadratojugal.
Day 11 (Fig. 1D) : The prenasal process is straighter than in younger embryos, and only a slight terminal hook remains. The squamosal, premaxillary process of the nasal, maxilla, palatine, vomer, and jugal are ossifying, as are the dentary, supra-angular, angular, and splenial. This is followed by the ossification of the parasphenoid rostrum and lamina, the basisphenoid, parietal, frontal, lacrimal, pterygoid, quadrate, prearticular, and ceratobranchials. The ossification of the quadrate is variable, as it does not always ossify before day 12 (YPM 112522). The premaxilla completely covers the prenasal process. The maxillary process of the nasal does not contact the nasal process of the maxilla. The beak forms a rigid ossified framework, but the calvarium is not well ossified.
Day 12:
The basioccipital is ossifying.
Day 14:
The exoccipital, laterosphenoid, prootic, opisthotic, epiotic, and mesethmoid are ossifying ( Figs 1E, 2F ). The supraoccipital is ossifying from a single centre. The mesethmoid lacks a broad dorsal exposure.
DISCUSSION
The polarity of observed timing shifts in the skeletal development of palaeognaths is difficult to infer. Birds from the avian stem lineage are known exclusively from the fossil record, and embryonic material is rare, fragmentary, and tends to preserve only the very late stages of embryonic development. Comparison with neognaths, specifically Galloanseres, can polarize shifts between palaeognath taxa; however, comparisons with Alligator must be relied upon for determining the basal state for birds.
As in most birds, the dermal bones are the first cranial elements to ossify. The ossification of the skull PALAEOGNATH CRANIAL OSSIFICATION 193 is delayed relative to the other long bones, as in Anseriformes, Charadriiformes, and some Galliformes (Schumacher & Wolff, 1966; Nakane & Tsudzuki, 1999; Maxwell, 2008b; Maxwell & Harrison, 2008) . In the palatal region, the vomer and parasphenoid rostrum ossify earlier in sequence and in stage in ratites (stage 35 compared to late 36) than in neognathous embryos (Anseriformes, Galliformes; Maxwell, 2008a, b) . There are some confounding factors potentially influencing this relationship: the palate of Anseriformes is considered desmognathous (Beddard, 1898) , which is characterized by having a reduced vomer. Galliformes have reduced the vomer even further, and it is entirely absent from some late-stage embryos (Beddard, 1898; Maxwell, 2008a) . As has been hypothesized elsewhere, adult morphology, specifically evolutionary expansion or reduction of elements, exerts an influence on ossification sequence (Haluska & Alberch, 1983; Rieppel, 1993a; Maxwell, 2007; Maxwell & Larsson, 2009 ). This might make the timing of vomeral ossification in Galloanseres atypical for neognathous embryos, as the vomer in this clade represents a reduced condition. One of the features of the palaeognathous palate is a dramatically expanded vomer (Cracraft, 1974) , and thus the opposing evolutionary reduction and expansion in the groups being compared might be increasing the magnitude of the shift observed.
The premaxilla ossifies from two distinct centres in both D. novaehollandiae and R. americana, corresponding to the frontal and maxillary processes. The number of ossification centres was unresolved in S. camelus and E. elegans. The lacrimal also ossifies from two centres in D. novaehollandiae, a dorsal and a ventral centre. Apteryx lack the supraorbital process of the lacrimal, and the orbital process ossifies from a single centre (Parker, 1891 (Parker, , 1892 . Several skull elements have been reported as ossifying from separate ossification centres in the avian cranium [frontal (Erdmann, 1940) , nasal (Goldschmid, 1972; Maxwell & Harrison, 2008) , and premaxilla (Maillard, 1948; Starck, 1989) ] with various developmental and functional implications proposed. It is clearly not unusual for a single dermal element to have multiple ossification centres. It is unlikely that the two centres observed in either the premaxilla or the lacrimal in ratites are a result of differences in the origin of the osteogenic cells between the two centres, as both of these elements are neural-crest derived in their entirety in the domestic chicken (Evans & Noden, 2006) and no other source of osteogenic cells has been suggested. A functional explanation as proposed to explain multiple centres of ossification in the snake (Elaphe) maxilla (Richman, Buchtová & Boughner, 2006) and charadriiform nasal (Maxwell & Harrison, 2008) is improbable for ratites, as both the premaxilla and lacrimal are robust and relatively inflexible in the adult as well as in late-stage embryos. Differences in the timing of muscle development might induce bone deposition at multiple sites within a single element, as external forces are known to affect ossification (Glucksmann, 1942; Herring, 1993) . In the case of the D. novaehollandiae lacrimal, interaction with the underlying cartilaginous ectethmoid or the developing nasolacrimal duct might stimulate bone formation at a more ventral location of the element, and result in the formation of an upper and lower ossification centre. The nasolacrimal duct is entirely surrounded by the lacrimal in D. novaehollandiae (Witmer, 1995) . In spite of approximate similarities in topographical location, it is unlikely that the dorsal and ventral ossification centres are homologous to the lacrimal and prefrontal of other archosaurs as suggested by Erdmann (1940) . Theoretically, both the putative lacrimal and prefrontal osteogenic domains may have been conserved, even though the prefrontal bone was reduced and then lost in the archosaur lineage leading to birds. These two domains may be the origins of the two ossification centres present in D. novaehollandiae, and may represent the ancestral lacrimal and prefrontal contributions to the orbital margin. This possibility is more likely than the acquisition of a de novo ossification centre if ossification centres are more easily lost than gained, as has been suggested (Sidor, 2001) .
Stage 40+ individuals of both S. camelus and R. americana exhibited a change in the structure of the squamosal, resulting in a large patch of reduced ossification in the centre of this element. This is similar to what was observed in M. gallopavo, which was attributed to osteological restructuring following increased strain imposed by the developing M. adductor mandibulae externus complex (Maxwell, 2008a) . Reorganization of bone following tension and pressure changes has been widely reported (Scott, 1957; Herring, 1993) .
The ossification of the lamina dorsalis and interorbital septum of the mesethmoid from separate centres has previously been reported for Apteryx (Parker, 1891) , S. camelus (Parker, 1866) , Anseriformes (Maxwell, 2008b) , and was also observed in the bobwhite quail (Colinus virgianus; pers. observ.) . This pattern appears to be broadly conserved amongst the ratites, although it could not be confirmed for Aepyornis (Balanoff & Rowe, 2007) .
The basioccipital ossifies from a single centre in D. novaehollandiae, as previously reported for D. novaehollandiae, Apteryx, and R. americana (Parker, 1891; Kesteven, 1942; Müller, 1963) . It is therefore interesting to note that the basioccipital of S. camelus clearly ossifies from paired linear centres (also previously reported, Webb, 1957) , as observed in some Galliformes, Anseriformes, and Charadriiformes (Maxwell, 2008a; Maxwell & Harrison, 2008) . It is possible that sampling gaps in the Apteryx, D. novaehollandiae and R. americana series missed the paired ossification centre stage, as they fuse to form a single ossification over a relatively short time span. Alternatively, the basioccipital might form either from paired or unpaired centres depending on the species in question, similar to the ontogeny of the supraoccipital. If Neoaves is used as an outgroup to polarize this character, a single basioccipital ossification centre might be a derived condition within ratites.
The supraoccipital in D. novaehollandiae ossifies from paired centres in some individuals, and a single median ossification centre in others. This provides additional evidence for the flexibility of this character; intraordinal differences have already been reported in neognaths (Maxwell, 2008a) . In D. novaehollandiae, both ossification centres are located in the main body of the element near the midline rather than widely separated on the ventral processes as in Anseriformes (Maxwell, 2008b) .
The ossification of the prootic is greatly delayed in D. novaehollandiae, relative to neognaths as well as to other ratites. This delay was observed in both D. novaehollandiae populations, with the prootic being the last skull element to ossify, after the opisthotic, epiotic, articular, and mesethmoid. Histological studies did not report this delay, and identified the prootic as ossifying prior to the epiotic (Kesteven, 1942) . This conflict between histological findings and cleared and stained specimens was unexpected, as previous studies reported differences in timing but not in sequence when the two methodologies were compared (Clark & Smith, 1993) . There may be a delay in the mineralization of the prootic, a difference between authors as to the identity of the prootic, or intrapopulational variation in D. novaehollandiae. Kesteven (1942) also reported that the laterosphenoid was the last element in the braincase to begin ossification, rather than ossifying prior to the otic series as reported here. Major differences between this study and that of Kesteven in the sequence and pattern of ossification of the D. novaehollandiae cranium suggest either that differences are present between the D. novaehollandiae populations examined, or that there are differences in element identification and homology between authors.
The skull is very heavily ossified in all of the ratites examined here, as well as in Apteryx (Parker, 1891) and Aepyornis (Balanoff & Rowe, 2007) . All of the dermal roofing bones contact each other prior to hatching. Both species of tinamous, however, had relatively weakly ossified skull roofs, with a large portion of the dorsal skull remaining unossified. There are some caveats that must be considered, namely that the oldest individual of E. elegans examined was only 15 days old in a 20-21 day incubation period, and so further dermal skull ossification is likely to occur. The embryos of Nothoprocta perdicaria are of uncertain age, although their heavily ossified postcranial skeletons suggest that they are close to hatching.
In all palaeognaths examined, the two rami of Meckel's cartilage meet over a broad medial contact (Fig. 1A, I ). This morphology was taken to an extreme in Apteryx, where the two rami of Meckel's cartilage contacted each other over almost one-third of their length (Parker, 1891) . This morphology was not observed in any neognaths, including anseriforms whose bill shape most closely approximates that of most ratites. It was surprising to see this morphology in a tinamou (E. elegans) as well as in ratites, because bill morphology is dissimilar between the two groups.
The ossification of the dentary from multiple centres as found in D. novaehollandiae has been reported as the norm for birds (Jollie, 1957) . It is possible this pattern is observed simply because of the length of the element relative to its thickness: the islands of ossification are ragged and spread out, rather than appearing as discrete, well-formed centres.
The ceratobranchials ossify later in ratites than in the Galliformes and Anseriformes examined (stage 38 compared to stage 36) (Maxwell, 2008a, b) , and later in sequence than in Charadriiformes (simultaneously with the frontal and after the parietal; Maxwell & Harrison, 2008) . The hyoid apparatus is relatively smaller in ratites, because of obligate inertial feeding in the group, rather than lingual feeding as in neognaths (Tomlinson, 2000) . The functional importance of the tongue during feeding and drinking in palaeognaths is also reduced compared to neognaths (Gussekloo & Bout, 2005) . This evolutionary reduction in size may be correlated with the delay in ossification of the ceratobranchials, as previously discussed for the vomer. The functional reduction and reduction in associated musculature may also play a role in the delay in ossification.
PAEDOMORPHOSIS AND RATITE EVOLUTION
Ratites have been interpreted as being paedomorphic (Livezey, 1995) . This idea has gained support from endocrinological studies indicating that typical features of ratites, such as proportionately longer legs, a short wide bill, protuberant eyes, delayed fusion of skull sutures, and adult feathers with smooth, symmetrical barbules could have arisen from the neognath condition via paedomorphosis associated with hypothyroidism (Dawson et al., 1994 (Dawson et al., , 1996 . Preliminary examination of the embryological development of ratites suggests that paedomorphosis is not a likely mechanism for the generation of ratite-specific morphological features. Ratite feather development is initiated in a manner similar to neognaths, and at a similar stage (pers. observ.). The elements roofing the cranial vault are in closer contact in the ratites than in other precocial embryos approaching hatching, rather than being delayed. It has been clarified that skull sutures do fuse in adult ratites, similar to what is observed in neognaths (Elzanowski, 1986; Marshall, 2000) . Ossification of most of the skeleton occurs at approximately the same stage in both neognaths and ratites. This includes ossification of the palate, some elements of which are actually accelerated in ratites relative to neognaths. At no point in development does the pterygoid-palatine complex in neognaths resemble that of adult palaeognaths, as would be expected using a paedomorphic model (Gussekloo & Bout, 2002; Zusi & Livezey, 2006) . The ratite palate becomes distinct from the neognathous palate early in embryonic development based on several features, including accelerated ossification of the vomer. The early appearance and relatively large size of this element excludes the palatines from contact with the parasphenoid rostrum. In ratites, the palatines begin ossification lateral to the pterygoids, and relatively close to the braincase (Figs 2, 3) . This results in the formation of the pterygovomeral arch (Zusi & Livezey, 2006) as a result of a difference in orientation of the pterygoid relative to the palatine. This is in contrast to the condition in a taxonomically diverse sample of neognaths, where the palatine ossifies further rostrally and approximately parallel to the pterygoid (Schinz & Zangerl, 1937; Maillard, 1948; Tokita, 2003) , leading to the early formation of the pterygopalatine arch (Zusi & Livezey, 2006) and preventing the formation of the pterygovomeral arch. This pattern may be caused either by differential growth that separates the earliest ossification centres in neognaths, or by a shift in the location of the ossification centres. A more complete series of tinamou embryos will clarify whether they follow the ratite pattern or the neognath pattern of palatal ossification, but the ratite pattern is predicted based on the possession of a palaeognathous palate. This early difference in palatal formation implies that the palate in ratites is not a developmentally truncated version of the palate in neognaths, and the neognathous palate is morphologically distinct from the palate of ratites prior to the onset of mineralization. The absence of a pterygovomeral arch has been hypothesized to be an apomorphy of neognaths (Zusi & Livezey, 2006) . This leaves the absence of a postnarial bar as one of the only ratite features that can be derived from the condition in neognaths and tinamous via a truncation of development (Elzanowski, 1986) . The morphology of the secondary palate in Alligator is highly divergent from that of birds, but comparisons in its development can still be informative in inferring polarity. The vomer ossifies early in the ontogeny of Alligator (Rieppel, 1993b) , closer to its sequence position in palaeognaths than Galloanseres. The pterygoid excludes the palatine from the cranial midline from the first appearance of these elements (Rieppel, 1993b) creating the pterygovomeral arch. Thus, even though the adult morphologies are divergent, ontogenetic similarities do exist.
This study supports the conclusion that ratites are highly apomorphic, both in their adult morphology and in their skeletal development. With only one exception the ratite condition cannot be derived by truncating neognath development. Likewise, the neognathous condition does not involve a recapitulation of the ratite condition during early development. If Alligator is used to polarize palatal development, the palaeognathous pattern is found to be primitive.
CONCLUSION
The development of the skull in palaeognathous birds has been shown to be variable, but not unusually so when the morphological diversity of the group is accounted for. Some sequence heterochronies occur within ratites and between ratites and neognaths (Table 3) , but the general pattern of ossification in palaeognaths is similar to other birds. A comparison with neognaths demonstrates that relative expansion or reduction of a structure in the adult results in a relative acceleration or delay in the ossification of that structure in the embryo, respectively, with regard to both stage and sequence. This applies to cranial elements that ossify dermally, such as the vomer, as well as endochondrally, like the ceratobranchials. The ossification sequence of the palatal elements is not consistent with a paedomorphic origin of the palaeognathous palate; the ossification of several elements is in fact accelerated in ratites and is similar to the state observed in Alligator, considered to be the outgroup. A detailed analysis of character evolution in this region is needed to address hypotheses of heterochrony involving shape variables rather than relative timing variables. This work provides an important overview of ossification in the most basal order of extant birds, and is critical if explicit hypotheses regarding the developmental evolution of the skeleton are to be formulated for Aves. Palaeognathae [ -pterygopalatine arc, pterygovomeral arc sutured to the maxilla -lack of a flexible zone in either of the above arcs -bony palate supported by a vomer -parasphenoid and pterygoid -basipterygoid articulation -pterygoid forms medial to palatine during embryonic development] Ratitae Tinamidae Neognathae Figure 3 . Evolution of embryonic and adult palatal morphology of the ratites (phylogeny sensu Bledsoe, 1988 , palaeognathous characters 1-3 sensu Zusi & Livezey, 2006) . Top row: adult morphology (Parker, 1869 (Parker, , 1891 Beddard, 1898; Simonetta, 1960; Zusi & Livezey, 2006; Silveira & Höfling, 2007) . Bottom row: embryonic morphology. Gallus (Jollie, 1957) , Rhea, Apteryx (Parker, 1891) , and Dromaius are all stage 37; Struthio (Parker, 1866) is slightly older; Aepyornis (Balanoff & Rowe, 2007) 
